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Abstract rf cavities for mm-wave linacs [3], undulators [4iee-
Millimeter-wave (mmWave) accelerating cavity structureslectron lasers [5land mm-wave amplifiers originated at
have beemanufacturedusing thedeepx-ray lithography  Argonne National Laboratory. A meter-long structure
(DXRL) technique. These cavity structures have potentiatith similar accuracy that also provides channelsvéar
applications as parts of linearccelerators, microwave uum pumping, adequate cooling, and focusing elements is
undulators,and mm-wave amplifiers. Themicrofabrica- feasible. Major challenges of the DXRkchniquesare:
tion process includes manufacturing of precisioray fabrication of thewafersinto three-dimensional rf struc-
masks,exposure ofositive resist by x-rays through the tures, alignmentand overlay accuracy ofthe structures,
mask, resist developmerandelectroforming of the final adhesion of the poly-methylmethacrylate (PMMA) on the
microstructure. Prototypes of a 32-cellp8-GHz con-  coppersubstrate,and selection of adeveloper toobtain
stant-impedanceavity and a66-cell, 94-GHz constant- high resolution.
gradient cavity were fabricated atAPS. Using an
HP8510C 26-GHz vector network analyzer, mieasure- 2 FABRICATION
ments are beingreparedith a frequencyup- and down- e simplified version of the DXRL process is shown in
converter _befortandafter atest cavity structure. P_rel|m|- Fig. 1. It consists of making anray mask, preparing a
nary design parameters for a 91-GHz multi-modulggmpie and x-ray exposure, developiagdelectroplating
klystron along with aroverview ofthe DXRL technol-  the strycture. The processrislated tothe fabrication of
ogy are also discussed. semiconductor integrated circuits and requires sinbiat-
ing, in addition to a high-energylight source and

1 INTRODUCTION electroplating equipment. In DXRL, no dissolution of
A potential advantage of mmWave accelerators for particlénexposedpositive thick resist isallowed duringdevel-
physics is a higher accelerating gradient. It is kndom  O0pment, and good adhesion of the high-aspect ratio resist
experiencavith S- or X-band acceleratingtructures that structure to the coppeubstrate is essential. &udition,
gradients are limited by dark current capture, which is th&€ microstructuresnust have high mechanicalstability
acceleration of field-emitted electrons telativistic ener- andlow internal stresses to prevent stress corrosian
gies, and by rfbreakdownThe maximumgradient from ing exposureanddevelopment. Also, the resistaterial
these phenomena scales approximately inversely witRust be compatible with the electroplating process.
wavelength; scalingacceleratingstructures to signifi-
cantly higher frequencies could providédigherfield gra-
dient as proposed by P.B. Wilson [1].

The new micromachining technology, known as
LIGA, consists of deep-etched x-ray lithography (DXRL),
electroplating,and micromolding. Themicrofabrication Metal l
processes have beateveloped by W. Ehrfeld and co- Prepare Substrate Apply PMMA

workers tothe degreethat submillimeter actuators, mo-

tors, and gears can be built with great accueaey ahigh
Electroplate Remove PMMA

Expose and Develop
PMMA

aspect ratio. Electric field levels as high as 50 MV/m and
magnetic field levels of 1 T have been achieved with thesg
components [2]. Specifically, this technologguld offer - —
significant advantagesover conventional manufacturing Figure 1: Simplified DXRL process.
methods in suclareas agrecision fabricatiorand mass
production.

The concept of applying these techniques to develop

DXRL with high-energy synchrotron radiation allows
resists up to 1 mm thick to Habricatedwith submicron
accuracy. A high-accuracpXRL mask wasmade by
*This work was supported by the U.S. DepartmenEakrgy, ~means of an intermediate mask--that is in two steps. The
Office of Basic Energy Sciencesinder Contract No W-31- first step was the photolithography. A plating base of
109-ENG-38. Ti/Au 75/300 A was used for the e-beam writer and then a
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3-um-thick layer of Au wasplated onthe intermediate kJ/cn®. Belowthat threshold therosslinkedresistcould
mask. Thesecondstep usedsoft x-ray lithography at the not bedissolved,andabovethat rangedamage tahe re-
Center forX-ray Lithography in Stoughton, Wisconsin sist can occurfrom production of gases in tHeMMA.
(1-GeV Aladdin).For the DXRL mask, a 4pm-thick The second developewas methyl-iso-butyl ketone
layer of Au was plated over d800um-thick Si wafer (MIBK) diluted with 2-propanol. After developing the
wherethe x-ray was exposedandthe resistremoved. To microstructure, copper can be electroplated toptistive

observethe highdepth-to-width aspect ratio in the final
product, micron-range structuregere patterned on the
DXRL mask. To avoid alignment problemsand x-ray

diffraction, these two steps were done on the same sam%

substrate without a physical gap.

PMMA up to 1 mm thick wasised as gositive re-
sist. The copper substrate wdiamond-finished to have a
flatness of Jum over 4 inches. Then either aride film
was grown to one micron thick or agually thick Ti
coating was deposited wrder topromote bettendhesion
to the copper substrate. Through these processeflathe
ness of the copper surface is maintained, but is still rou
enough to give good adhesion to the PMMA sheich
has a roughness of less than j0m [6].

When the PMMA film was cast onto ttepper sub-
strate, it wasannealed avarious temperatures from 110
to 170 C for one to three hours [7]. The APEBM-A

beamline was used to expose the sample. The transmitte

x-ray intensity wascalculated based othe APSbending
magnetparameterand isplotted inFig. 2. The ratio of
the top dose tothe bottom dose for the 1-mm-thick

PMMA is about 1.1. During the exposure, the sample

was enclosed in a He-purgbdusing with a Kaptomvin-
dow, andthe sampleholder baseplatevas water cooled.
The first platinum (Pt) mirror with a grazing angle of
0.15 was used to cut off all the high-energy x-rayeve
40 keV as shown in Fig. 2More information on the
APS 2-BM beamline for the DXRLcan be found in
Ref. 8.

Transmitted Intensity during PMMA exposures for LIGA
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Figure 2: Transmitted x-raytensity during PMMA ex-
posures for DXRL at APS, energy vs. intensity.
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Two different developers were usedthre developing
process. The first developesp-calledGG, was a mixture
of 60% vol 2-(2-butoxy-ethoxy) ethanol, 20&trahydro-
1, 4-oxazine, 5% 2-aminoethanol-dnd 15% deionized
water. Theallowed dose rangwas from 3 to about 10

resist and the surface can be diamond-finished.

3 MM-WAVE STRUCTURES

Gie to DXRL's ability to maintairprecise tolerances, it
is ideally suited for themanufacture of rf components
operating atfrequenciesabove 30 GHz. The first two

structuresfabricated were &82-cell, 108-GHz constant-

impedance cavitgnd a66-cell, 94-GHz constant-gradient
cavity. A 32-cell,108-GHz constant-impedancavity is
a planar accelerating structuséth parameters ashown

in Table 1. The changefrom a typical cylindrical sym-

Metrical disk-like structure to a planaaccelerating
structure results in a loss in shunt impedamog Qvalue

of less than 5%. Armccelerating gradient of SRIV/m is
chosen for a practical 50-MeV microlinac application, but
it is not limited to 50 MV/m when the rf system is op-
rgtional in the pulse mode with less repetition rate.

Table 1: The Design rf Parameters of a 32-Cell, 108-
GHz Constant-Impedance Cavity

Frequency f 108 GHz
Shunt impedance R 312®m
Quality factor Q 2160
Operating mode TW /3
Group velocity Y 0.043c
Attenuation factor a 13.5 ml
Accelerating gradient E 50 MV/m
Peak power P 750 kw

For aconstant-impedance planatructure, thedou-
ble-periodicstructures withconfluence inthe p-mode de-
sign were consideredlhe 2v3-mode operation irthese
structures can give high shunt impedance, group velocity,
andlow sensitivity on dimensional errors. Modetailed
descriptions, such as rf simulation using the MAFIA
computercode andthe thermal analysiselated to this
structure, can be found in Ref. 9.

Constant-gradient accelerating structuaes used in
many present-day accelerators becaus¢hefr higher en-
ergy gain and better frequency characteristics, such as
higher shunt impedance, more uniform power dissipation,
andlower sensitive tofrequencydeviations, whercom-
pared tothe constant-impedancstructure. Tapering the
cells along the structure while keeping the gapl cell
depth constant is difficult. Since the structaeeds to be
manufactured on a planar wafadjusting the cellwidth
and length while maintaining a constal@pthwithin the
structure is necessary. Figure 3 shows toastant-
gradient structure with cuts in the irises; itgpafameters
can be found in Ref. 10.
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Figure 3: The 66-cell94-GHz constant-gradient cavity:
side-coupling for mm-wavé&ansmissionand circledhole
for the alignment.

4 KLYSTRON DESIGN
The mm-wave amplifier isdesigned tomeet apulsed

klystron operating at a high voltage, high current, b
combing multi-cellsand multi-modules as shown Figure

4 [11]. Beam optics become easier and permaperdic
magnet (PPM) focusing is possible. A highefficiency
also results, because of the low bepenveance. Aum-
ber of klystrons can then be fabricated on asingle
substrate, using deep-etchithography technique. They
can be water-cooleimhdividually and operated irparallel.
Several such modulesan be stacked tform a klystron

“brick,” requiring a relatively low voltage for the peak and

average power produced. The brick carpbmvidedwith a
single output, or with individual, spatiallpombined ra-
diators. The klystron consists of aXDxl.5-inch module
producing 500 kW peak, 500 W average at 91 Gijer-
ating at 120 kV, 10 A in total. Its maiparameters are
summarized in Table 2.

Table 2: Detailed Klystron Design Parameters
Frequency 9l GHz
Voltage 120 kv
Current 25A
Perveance 0.06x10°°
Output power 125 kW
Pulse length s
Drift tube diameter 0.8 mm
Beam diameter 0.5 mm
Cavity gap length 0.4 mm
Brillouin field 2.7 kG
Cathode current density 15 A/ém
Magnetic period 6 mm
Duty cycle 0.1%
Beam area convergence 85:1
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Figure 4: Four-klystron module layout.

The cathodeloading and beam convergenceparame-
tersarequite conservative, except for the Igverveance
and PPM focusing. The beam voltage is very high for the
power produced by asingle klystrondue to the low
perveanceequiredfor PPM focusing (and for good effi-
ciency). However, it is the PPM-focusinfgature that
makes the module design and tube paralleling possible.

5 SUMMARY AND FURTHER WORK

The final electroplatedstructure for the prototype of the
108-GHz constant-impedancavity is shown in Fig. 5.
The size of the cavity cell appears to be a few microns off

¥rom the design, but the size is controllable by adjusting

the x-ray mask to meet the specification. The roughness
and flatness of the sidewall tie cavity cellwere meas-
ured to be 0.0pm and 2um, respectively.

108-GH=z 30-Cell Constant
Impedance structure
alignment U-grooves
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Figure 5: Scanning electron microscopy picture of
the 108-GHz constant-impedance cavity structure.
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Two mirror-imagedfabricatedstructureswvere aligned
and measured on @etwork analyzer. Thénitial meas-
urement of the quality factor is about 800, which is only
40% of the calculated value. The main contribution to the
low value of Q is theVlIBK chemical processingised to
make the sample above. When the GG chemical was ap-
plied to developthe sample, the contragtetween the
exposed area and unexposedawas at least onerder of
magnitude higher than MIBK. The metallurgical study of
the copper-electroplatedample shows that the level of
oxygen in the samplappears to b&o high. Theelec-
troplating process must bmproved sothat thestructure
can sustain against the vacuum and high-power rf.
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